Successive inventories of a silvicultural experiment in terra firme rain forest within the Tapajós National Forest in the Brazilian Amazon are examined to provide guidelines for operational forest management on a sustainable basis. The experiment was logged in 1979 without additional silvicultural treatment, but included protection from further logging and encroachment ("log and leave"). Thirty-six permanent plots established in 1981 , were remeasured in 1987. Forest Ecology and Management 71 (1995 [267][268][269][270][271][272][273][274] 2 Logging changed the canopy structure and altered the composition of the stand, reducing the number of shade tolerant species and stimulating light demanding species.
INTRODUCTION
The socioeconomic importance of forestry in the Brazilian Amazon is unquestionable. In Pará State, for example, in 1990, wood ranks second in income generation, surpassed only by mining (Yared 1990) . However, wood production must become sustainable, or social, economic and ecological implications may have serious repercussions (see e.g., Johnson and Cabarle 1993) . Sustainable forest management for timber production is therefore an important issue in the Brazilian Amazon.
The Brazilian Institute of Environment and Renewable
Natural Resources (IBAMA), the agency responsible for forest policy and law enforcement, requires that all timber companies with a log intake exceeding 12 000 m 3 yr -1 must submit and follow a forest management system for the sustainable production of timber. Since the beginning of the 1980s, over 380 forest management projects have been approved, over an area of approximately 700 000 ha.
One prerequisite for sustainable forest management is reliable information on growth and yield for different
Forest Ecology and Management 71 (1995) Diameters were recorded to the nearest millimetre. Stand parameters were calculated using a standard package for the analysis of permanent sample plot data (SINFCON).
RESULTS AND DISCUSSION

Stand structure
In 1981, two years after logging, 22 species comprised c.
60% of the stand basal area (BA) over 5 cm dbh. Of these species, 14 were shade tolerant and 8 were light demanding.
Ten species (45% of BA) were commercial ( Table 2 ). The same species contributed the bulk of the bole volume over 20 cm dbh. The most abundant species, Rinorea guianensis (Violaceae)
is shade tolerant and frequently dominates the undergrowth in the Tapajós Forest, but rarely exceeds 35 cm dbh.
In 1992, the same species still comprised 60% of the stand basal area but the ranking had changed: Rinorea ranked 5 th .
Bixa arborea (Bixaceae), a fast growing light demander which benefitted from the canopy opening, ranked first in basal area, followed by two other pioneers, Inga sp. (Leguminosae) and Cecropia sciadophylla (Moraceae).
Another study of species composition before and after logging (90 m 3 ha -1 were extracted) in the Tapajós Forest found no major changes in species ranking (Carvalho 1992 had no ingrowth at 5 cm dbh during the 11 year period, reflecting its slow growth when young.
Diameter increment
Periodic annual diameter increment (PAI dbh ) was calculated for all 195 species and for the 32 commercial species over three periods, 1981-1987, 1987-1992 and 1981-1992 . Increment in both groups declined considerably following canopy closure.
The average PAI dbh for all species decreased by about 50%, while the commercial PAI dbh declined by about 40% (Table 3) .
During the 11 year observation period, PAI dbh of all species and of the commercial group averaged 0.3 and 0.4 cm yr -1 , respectively. In another research plot in the same forest, growth rates were reported to be 0.4 cm yr -1 eight years after logging and 0.2 cm yr -1 in the unlogged stand (Carvalho 1992) .
Increments in the present study approach those of an unlogged forest, and it appears that the stimulus of logging on growth lasted for only 3 years, consistent with results elsewhere (e.g. Primack et al. 1985) . Thus "log and leave" regimes will require cutting cycles longer than other silvicultural regimes which include periodic treatments to stimulate growth.
There is a strong correlation between crown illumination class and tree growth (Table 3) , consistent with other findings (e.g., Wyatt-Smith and Vincent 1962; Bryan 1981; Alder and Synnott 1992) . In the present study, nearly 66% of commercial trees which received full or some overhead light.
Releasing the partially shaded trees (Crown illumination class 2) would stimulate the growth of these trees and enhance timber production. Crown illumination is thus an important guide in decisions concerning the need for and timing of silvicultural treatments. In this region, monitoring of crown status for timely silvicultural treatment is possible because of cost-effective labour and rapid growth rates. Therefore this should be considered in operational forest management.
In tropical forests, diameter increments in any class of trees (e.g. classified both by diameter and site) may vary greatly (e.g., Mervart 1972; Primack et al. 1989; Silva 1989 ).
This may be attributed in part to environmental conditions and intrinsic factors such as specific growth habits and genotypes. The coefficients of variation in PAI dbh are high in all dbh classes, but tend to decrease with increasing tree size (Table 4) . Eleven years after the first assessment, some trees still exhibited growth too small to measure, and no response to logging can be expected in these trees. The largest increments occurred in the medium-sized and larger trees, but some of these trees also exhibited very slow growth rates.
Ingrowth and mortality
After logging, the ingrowth of new recruits into diameter classes larger than 5 cm increased substantially during the first eight years. During the next five years, there was a sharp decrease, both in absolute and in relative terms for all species as well as for the commercial group (Table 5) In the present study, mortality increased slightly between the first and second observations while ingrowth decreased (Table 5 ). In the first period ingrowth was higher than mortality but in the second period the balance was reversed.
However, over the whole period, the stand increased in tree numbers and stand basal area ( However, a five year period may be too short to provide reliable estimates of ingrowth and mortality, as year-to-year variability may be considerable in this region (e.g., Borchert 1992).
Volume increment
The total volume of all species increased by 38% between 1981 and 1992 (Table 6) , and a similar increase (37%) was observed for the commercial species. As expected, the periodic annual increment in volume followed the general declining trend observed for the PAI dbh .
In 1992, there were only 6 trees and 18 m 3 per ha larger than 45 cm dbh (the commercial size according to the Brazilian forestry regulations) represented on the 1979 commercial species list, and only a few smaller trees of these species appeared to be candidates for the next harvest. However, since the forest was logged, many additional species have been accepted by the timber market, and a revision of the species list revealed a further 29 species that could be designated commercial.
These additional 29 species boost the commercial volume in 1992 to 54 m 3 ha -1 in 15 trees per hectare, and more than double the annual increment including ingrowth (Table 6 ). This is comparable with other silvicultural systems in Suriname 
CONCLUSIONS
Logging and the resulting changes in canopy structure altered the composition of the stand, reducing the number of shade tolerant species and stimulating light demanding species. There has been a nett increase in stem numbers and stand basal area during the 11 year observation period, and this trend has been echoed by most of the individual species.
The stand basal area 13 years after logging was about 75% of that in a comparable unlogged primary forest. Logging stimulated growth, but this effect was short-lived, lasting only about 3 years, and current growth rates are similar to those in unlogged primary forest. Tree growth and timber production may be enhanced by periodic silvicultural treatment to release trees from competition and this should be considered as a mechanism to reduce the cutting cycles in the Brazilian Amazon.
The recognition of 29 additional species of commercial importance raised the commercial volume increment to 1.8 m 3 ha -1 yr -1 , but further work will be necessary to confirm that this production can be sustained on a 30-35 year cutting cycle.
Results from the experiment reported here and in related works, provide the first quantitative information for management planning in the Tapajós Forest. These data will provide a useful guide for choosing the cutting cycle and setting the annual allowable cut. It has highlighted the need to consider silvicultural treatment to stimulate growth rates in forest areas zoned for timber production. However, we caution that these findings are drawn from observations over an 11-year period, and extrapolations to a 30-35 year cutting cycle must be interpreted with caution. Periodic remeasurement and analysis of these plots over the next 30 years or more is necessary to confirm these preliminary findings. 
